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We previously showed that otx2 regulates Xenopus cement gland formation in the ectoderm. Here, we show that otx2 is
sufficient to direct anterior neural gene expression, and that its activity is required for cement gland and anterior neural
determination. otx2 activity at midgastrula activates anterior and prevents expression of posterior and ventral gene
expression in whole embryos and ectodermal explants. These data suggest that part of the mechanism by which otx2
promotes anterior determination involves repression of posterior and ventral fates. A dominant negative otx2-engrailed
repressor fusion protein (otx2-En) ablates endogenous cement gland formation, and inhibits expression of the mid/hindbrain
boundary marker engrailed-2. Ectoderm expressing otx2-En is not able to respond to signals from the mesoderm to form
cement gland, and is impaired in its ability to form anterior neural tissue. These results compliment analyses in otx2
mutant mice, indicating a role for otx2 in the ectoderm during anterior neural patterning. © 2001 Academic Press
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In the vertebrate dorsal ectoderm, anteroposterior (A/P)
pattern is induced during gastrulation by signals from the
underlying axial mesoderm (Sive et al., 1989; Sharpe and
Gurdon, 1990; Ang and Rossant, 1993) and the head/
visceral endoderm (Bradley et al., 1996; Beddington and
Robertson, 1999). The decision to form neural tissue is a
binary one which requires repression of ventral epidermal
fate (Hemmati-Brivanlou and Melton, 1997). According to
the prevailing model for anteroposterior patterning of the
neurectoderm, all neural tissue is initially induced as ante-
rior, including future midbrain and forebrain fates and, in
Xenopus, the non-neural cement gland. However, prior to
differentiation, part of this anterior domain is respecified
(“posteriorized”) as posterior neural tissue (hindbrain and
spinal chord; reviewed in Kolm and Sive, 1997; Gamse and
Sive, 2000).
The paired class homeobox gene otx2 is one candidate
regulator of anterior identity in the ectoderm. Xenopus otx2
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All rights of reproduction in any form reserved.is expressed during gastrulation in a broad anterior domain
that includes presumptive anterior neural and cement gland
ectoderm as well as the mesoderm and endoderm that
induce them (Blitz and Cho, 1995; Pannese et al., 1995). In
mice, loss-of-function mutations in otx2 lead to deletions of
nterior structures, indicating that otx2 is an essential early
egulator of anterior fate (Acampora et al., 1995; Matsuo et
l., 1995; Ang et al., 1996).
Mice chimeric for otx2 mutant cells (Rhinn et al., 1998)
or expressing otx1 in place of otx2 (Acampora et al., 1998)
show that wild-type visceral endoderm is sufficient to
rescue anterior neural deletions in otx22/2 mice. Although
these results demonstrate a requirement for otx2 in the
endoderm, anterior neural gene expression in these animals
is not appropriately patterned or maintained after initial
induction. By opposing otx2 mutant ectoderm to wild-type
mesoderm, it was shown that otx2 is required in the
ctoderm for expression of the mid/hindbrain boundary
arker engrailed-2 (Rhinn et al., 1998). Furthermore, in
himeric embryos, otx2 is required cell-autonomously in
he neurectoderm for expression of adhesion molecules
-cadherin and ephrin-A2 as well as regional neurectoder-
al markers Rpx/Hesx and Wnt1 (Rhinn et al., 1999).
In Xenopus, otx2 is sufficient to activate cement gland
223
224 Gammill and SiveFIG. 1. otx2 activates anterior and represses posterior and ventral gene expression in whole embryos. (A) Albino embryos were injected
in one cell at the two-cell stage with 100 pg otx2-GR RNA mixed with 60 pg lacZ RNA. Injected embryos were incubated without or with
dexamethasone (dex) beginning at midgastrula (stage 11.5) and until early neurula (stage 13), midneurula (stage 15), or hatching (stage 30).
(B) Gene expression in embryos injected with otx2-GR and incubated without (“2”) or with (“1”) dex was assayed by whole-mount in situ
hybridization. Embryos are oriented with anterior at the top. Dorsal to the right: a–d, g, h, m–p. Dorsal view: e, f, i–l, q–t. Arrowheads point
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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225otx2 Activity in Xenopus Ectodermformation in the ectoderm, directly regulating expression of
the cement gland marker XCG-1 and indirectly activating
expression of XAG-1 (Gammill and Sive, 1997). Although
this suggests that otx2 controls anterior ectodermal fate,
the requirement of otx2 activity in the ectoderm for cement
gland formation has not been established. otx2 can activate
cement gland formation only in a permissive ventrolateral
ectodermal domain (Gammill and Sive, 1997). One factor
that may define this permissive area is BMP4, which
cooperates with otx2 to activate cement gland formation
(Gammill and Sive, 2000). otx2 activates formation of
ectopic neural tissue and cement gland in the ventrolateral
ectoderm in the correct anteroposterior pattern (Gammill
and Sive, 2000), suggesting that this gene can also help
specify A/P pattern. Pattern formation within the ectopic
neural tissue has not been examined.
In this study, we ask whether otx2 is sufficient to direct
anterior neural development, and address the necessity of
otx2 activity in the ectoderm during cement gland and
anterior neural determination. We show that otx2 activates
anterior neural gene expression and represses posterior and
ventral fates in whole embryos and isolated ectoderm.
Using a dominant negative otx2-engrailed repressor fusion
(otx2-En), we demonstrate that ectodermal otx2 activity is
required for cement gland formation, and is important for
determination of anterior neural fates.
MATERIALS AND METHODS
Growth, Culture, Microinjection, and Dissection of
Embryos
Wild-type and albino embryos were collected, cultured, micro-
injected, and dissected as previously described (Sive et al., 1989;
Gammill and Sive, 1997). Stages were assigned according to Nieuw-
koop and Faber (1994). GFP fluorescence was detected using a
fluorescent dissecting microscope (Leica).
In Vitro Transcription
Capped mRNA was transcribed according to Krieg and Melton
(1987). Templates were as follows: lacZ (pSP6nucbgal; Smith and
Harland, 1991); CS21otx2-GR (Gammill and Sive, 1997); pbGFP/
N3P (Zernicka-Goetz et al., 1996); CS21otx2-En, NotI, SP6 RNA
olymerase; CS21otx2 (Gammill and Sive, 2000); siamois
pBSRN3XSia; Lemaire et al., 1995). Anti-sense RNA in situ
hybridization probes were synthesized in the presence of
to altered patterns of gene expression. otx2 activity at gastrula stages i
expanded NCAM expression dorsally, often to the extent that the eye w
markers N-tubulin (Richter et al., 1988) and nrp-1 (Knecht et al., 1995
dex; (b) lipocalin, st. 30, 1dex; (c) XBF-1, st. 32, 2dex; (d) XBF-1, st. 3
dex; (g) engrailed-2, st. 32, 2dex; (h) engrailed-2, st. 32, 1dex. Poster
t. 15, 2dex; (l) N-tubulin, st. 15, 1dex. Ventral ectoderm: (m) GATA
3, 1dex. Mesoderm: (q) goosecoid, st. 13, 2dex; (r) goosecoid, st. 13, 1de
Copyright © 2001 by Academic Press. All rightFIG. 2. otx2 alters ectodermal patterning in isolated ventral ecto-
derm. (A) Embryos were injected in the ventral portion of both
blastomeres at the 2-cell stage with 100 pg otx2-GR RNA mixed with
500 pg GFP RNA. At midgastrula (stage 11.5), ventral ectoderm
exhibiting GFP fluorescence was dissected and cultured without or
with dexamethasone (dex) for 3.5 h until early neurula (stage 13.5). (B)
Explants of ventral ectoderm (ventral) from embryos injected with 100
pg otx2-GR were incubated without (2) or with (1) dex and assayed by
T-PCR. Expression of general neural [nrp-1, neurogenin (ngnr-1)],
ement gland (XCG-1), anterior neural (opl, Xanf-1), mid/hindbrain
oundary [engrailed-2 (en-2)], ventral ectodermal (XVent-1, BMP4),
nd dorsal mesendodermal [brachyury, (Xbra), goosecoid (gsc), and
erberus (cer)] markers were examined by RT-PCR using EF-1a
expression as a loading control. Lane 1, ventral ectoderm, 2dex;nduced ectopic NCAM expression ventrally (Gammill and Sive, 2000) and
as no longer apparent on the injected side (data not shown). General neural
) behaved similarly (data not shown). Anterior neural: (a) lipocalin, st. 30,
2, 1dex. Mid/hindbrain boundary: (e) gbx-2, st. 13, 2dex; (f) gbx-2, st. 13,
ior neural: (i), Krox20, st. 16, 2dex; (j) Krox20, st. 16, 1dex; (k) N-tubulin,
-2, st. 13, 2dex; (n) GATA-2, st. 13, 1dex; (o) Vox, st. 13, 2dex; (p) Vox, st.x; (s) brachyury, st. 13, 2dex; (t) brachyury, st. 13, 1dex.
s of reproduction in any form reserved.
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226 Gammill and Sivedigoxigenin-11-UTP (Harland, 1991). Templates were as follows:
NCAM (pSP71-NI, Kintner and Melton, 1987); N-tubulin (p24-10;
Richter et al., 1988); lipocalin (p13-8; Richter et al., 1988); XBF-1
(Papalopulu and Kintner, 1996); Gbx-2 (xGbx-62; von Bubnoff et al.,
1996); engrailed-2 (pSP6-En2–3.0-AS; Hemmati-Brivanlou et al.,
1991); Krox20 (pKrox20; Bradley et al., 1993); GATA-2 (XGATA-2/
pGEM; Kelley et al., 1994); Vox (pXVent-2; Onichtchouk et al.,
1996); goosecoid (pAB-goosecoid; Cho et al., 1991); brachyury
(pXT1; Smith et al., 1991).
b-Galactosidase Staining, in Situ Hybridization,
and Immunocytochemistry
Embryos were processed for b-galactosidase activity according to
olm and Sive (1995). Whole-mount in situ hybridization was
performed as described in Harland (1991), with modifications
described in Sagerstro¨m et al. (1996). Whole-mount immunocyto-
chemistry was performed as described in Kuo et al. (1998).
Isolation of RNA and Relative Quantitative RT-
PCR
RNA isolation, first-strand cDNA synthesis, and PCRs were
prepared and analyzed as described previously (Gammill and Sive,
1997). PCR primer pairs included: XCG-1 (Gammill and Sive,
1997); XAG-1 (Gammill and Sive, 1997); EF1-a (Gammill and Sive,
1997); NCAM (Hemmati-Brivanlou and Melton, 1994); ngnr-1B
Kuo et al., 1998); BMP4 (Fainsod et al., 1994); XVent-1 (Gawantka
t al., 1995); engrailed-2 (Hemmati-Brivanlou and Melton, 1994);
erberus (Bouwmeester et al., 1996); goosecoid, (Sun et al., 1999);
rachyury, (Sun et al., 1999); nrp-1, 59-TACCAACGGCTACCAC-
GAAAC-39 (sense) and 59-CTCCGCATCTTACCAAAACAAA-39;
pl 59-AGGGGTAACAGGGAGGACGACA-39 and 59-GGTGGAC-
CTCAGACTGGAATAAT-39; Xanf-1, 59-AGCCTCACCATGTC-
CCTG-39 and 59-ACGGCGTGAACTTGTATGG-39; chordin,
9-TTTCGCAACAGGAGCACAGACAC-39 and 59-TACCGC-
CCCACTCAAAATACCAT-39; noggin, 59-AGTTTGCAG-
TGTGGCTCT-39 and 59-AGTCCAAGAGTCTCAGCA-39.
Construction of a Dominant Negative otx2
Deletions in MT-otx2 (otx2 coding region in the vector CS2 1
MT; Rupp et al., 1994; Turner and Weintraub, 1994) were created
by restriction endonuclease digestion with NgoMI, BsmBI, NsiI, or
tuI in otx2 and SnaBI in the CS21 39 polylinker. The StuI–SnaBI
ragment of CS21 was then replaced, providing stop codons in all
hree frames to complete the deleted sequences. An internal
goMI–BsmBI deletion was created by endfilling with Klenow and
ecircularizing the plasmid. All deletions were verified by sequenc-
ng.
The minimal engrailed repressor domain (amino acids 228–282
f Drosophila engrailed; Han and Manley, 1993) was amplified
rom the plasmid pTb-en by using the upstream primer 59-GT-
GGATCTGCTGAGCTCTAGCCGGCAACAG-39 and the down-
stream primer 59-GGATAGGCCTAGCTCATCTTGGAGCTC-39.
The downstream primer includes an in-frame stop codon at the end
of the repressor sequence. PCR products were digested with SacI
and StuI (restriction sites underlined in primer sequences) and
inserted into CS21otx2 or MT-otx2 digested with SacI–SnaBI
(deletes most otx2 sequence C-terminal to the homeodomain and
he CS21 39 polylinker) to achieve in-frame fusion of deleted otx2and the engrailed repressor. Amplified regions were verified by
Copyright © 2001 by Academic Press. All rightsequencing. The minimal repressor was selected rather than the
full engrailed repressor (Conlon et al., 1996) to avoid including the
highly conserved eh-1 repressor domain (Smith and Jaynes, 1996).
The goosecoid eh-1 domain confers repression by mediating dimer-
ization of goosecoid with other homeodomains in its class (Mailhos
et al., 1998). Since otx2 and goosecoid both contain similar paired
class homeodomains, inclusion of this region could have modified
otx2 specificity, causing such an otx2-repressor fusion to interact
with proteins that otx2 would not have recognized.
Luciferase Assay
Luciferase assays were performed according to the manufactur-
er’s instructions (Promega). Briefly, 15 animal caps were rinsed
with 13 PBS and lysed in 100 ml 13 lysis buffer, incubated at room
temperature for 10 min, frozen at 220°C, and then thawed. Lysates
were microfuged briefly at top speed, and 10 ml of extract or extract
iluted in lysis buffer was assayed in a luminomiter after addition
f 100 ml of assay reagent.
RESULTS
Ectopic otx2 Activity Modifies Ectodermal
Patterning
To address the sufficiency of otx2 for anterior neural
patterning, we examined the effects of ectopic otx2 activity
during gastrula stages, when initial ectodermal patterning
takes place. Albino embryos were injected in one blas-
tomere at the two-cell stage with the hormone-inducible
otx2 (otx2-GR; Gammill and Sive, 1997). otx2-GR was
activated at midgastrula (stage 11.5) by treatment with
dexamethasone (dex). The expression of a variety of mark-
ers was analyzed by whole-mount in situ hybridization at
early neurula (stage 13), midneurula (stage 15 or 16), or
hatching (stage 30 or 32; Fig. 1A).
Since otx2 is expressed in anterior neurectoderm (future
forebrain and midbrain), we first examined changes in gene
expression in these regions. Activation of otx2-GR resulted
in a posterior expansion of the dorsal forebrain marker
lipocalin (cpl-1; Fig. 1Ba, b, white arrowhead; Knecht et al.,
1995). Weak ectopic lipocalin expression was also observed
in the ventrolateral ectoderm of otx2-GR-injected embryos
(data not shown). Likewise, XBF-1 expression, which is
normally restricted to the telencephalon (c; Papalopulu and
Kintner, 1996), was induced posterior to its normal domain
(d, white arrowhead). Ectopic XBF-1 expression was not
detectable in the ventrolateral ectoderm.
We also examined markers of the mid/hindbrain bound-
ary, as otx2 is critical for formation of this region (reviewed
in Rhinn and Brand, 2001). gbx-2, which is expressed in the
anterior hindbrain and ventrolateral ectoderm (e; von
Bubnoff et al., 1996), was strongly induced throughout the
posterior–dorsal ectoderm by otx2 (f, white arrowhead).
Ectopic gbx-2 was never observed anterior to its endoge-
nous expression domain. When otx2 expression overlapped
endogenous gbx-2 expression dorsally and ventrally (data
not shown), expression in that region was ablated. Like-
s of reproduction in any form reserved.
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227otx2 Activity in Xenopus Ectodermwise, engrailed-2 (en-2) expression in the mid/hindbrain
boundary (g; Hemmati-Brivanlou et al., 1991) was greatly
expanded by otx2 activity (h). en-2-expressing cells were
also observed in the ventrolateral ectoderm (h, white arrow-
head). Ectopic staining was strongest in the future hind-
brain and not observed anterior to its normal expression
domain.
Since anterior neural gene expression was expanded pos-
teriorly and ventrally by ectopic otx2 activity, we asked
hether posterior and ventral markers were reciprocally
epressed. Expression of the hindbrain marker Krox20 (i;
radley et al., 1993) was ablated by otx2-GR activity (j).
-tubulin expression, which is restricted to posterior
eurectoderm at midneurula (k; Papalopulu and Kintner,
996), was also abolished (l). Ectopic otx2 activity also
nhibited expression of the posterior markers HoxD1 (data
ot shown; Kolm and Sive, 1995) and HoxB9 (data not
hown; Sharpe et al., 1987). Further, otx2 activity blocked
xpression of ventral markers GATA-2 (m, n; Kelley et al.,
994), Vox/XVent-2 (o, p; Onichtchouk et al., 1996), and
Vent-1 (data not shown; Gawantka et al., 1995).
To address whether otx2 affected ectodermal gene expres-
ion by altering pattern in the underlying mesoderm, ex-
ression of mesodermal markers was assayed. In embryos
ith bgal lineage tracer expression in the notochord,
otx2-GR activated expression of the prechordal plate
marker goosecoid (gsc) posteriorly in the notochord (q, r;
black arrowhead; Cho et al., 1991). Ectopic gsc was not
detected in the ectoderm. In contrast, expression of the
more posterior marker brachyury (Xbra) was ablated by
otx2-GR (s, t). Ablation of posterior/lateral mesoderm at
midgastrula was confirmed by the absence of muscle actin
(Gurdon et al., 1985) expression at hatching stages (data not
shown).
These data show that otx2 activity was able to repattern
posterior dorsal and, to some extent, ventral ectoderm,
activating anterior (forebrain and midbrain) neural fates
while suppressing posterior neural and ventral ectodermal
fates. Although otx2 activity at midgastrula did not induce
ectopic mesoderm formation, it repatterned the mesoderm,
expanding expression of a dorsoanterior mesodermal
marker and repressing expression of more posterolateral
markers.
otx2 Is Sufficient to Induce Anterior and Repress
Ventral Fates in Isolated Ectoderm
Changes in ectodermal patterning in whole embryos
could have been a direct result otx2 activity in the ecto-
derm, or a secondary effect of alterations in the underlying
mesoderm. In order to distinguish these possibilities, we
examined gene expression in isolated ventral ectoderm
ectopically expressing otx2-GR. Embryos were injected
ventrally with otx2-GR mixed with GFP (green fluorescent
protein) RNA at the 2-cell stage (Fig. 2A). At stage 11.5,
ventral ectoderm exhibiting GFP fluorescence was dis-
sected and incubated without or with dex for 3.5 h until
Copyright © 2001 by Academic Press. All rightarly neurula (stage 13.5), when gene expression was as-
ayed by RT-PCR. A relatively short dex treatment was
elected in order to characterize the early activity of otx2
ctivity in the ectoderm.
The effects observed in isolated ectoderm were very
imilar to those described in Fig. 1, although some different
arkers were examined due to the stage of harvest. Un-
reated ectoderm expressed background levels of neural
arkers, high levels of ventral markers, and was devoid of
ontaminating mesoderm. Activation of otx2-GR induced
xpression of general neural, cement gland (Gammill and
ive, 1997), anterior neural, and mid/hindbrain markers,
nd reciprocally repressed ventral gene expression (compare
anes 1 and 2). The small increase in gsc RNA levels in
hese explants most likely represents the ectodermal com-
onent of gsc expression at these stages (Thisse et al., 1994),
since otx2 activity at midgastrula stage was not able to
nduce ectopic gsc expression outside of the mesoderm (Fig.
Br). An apparent paradox arising from these data is that
tx2 activates expression of anterior neural markers Xanf-1
Fig. 2B) and XBF-1 (Fig. 1Bd), both of which can inhibit otx2
expression (Bourguignon et al., 1998; Ermakova et al.,
1999). It is possible that otx2 plays a role in initial induction
of Xanf-1 and XBF-1, while they later refine the pattern of
tx2 expression.
The ability of otx2 to respecify ventral ectoderm to
nterior neural fate was not specific to the inducible otx2,
s overexpression of an otx2 DNA construct had a similar,
lthough weaker, effect (data not shown). These results
emonstrated that otx2 was sufficient to promote anterior
neural fate and repress ventral fate in isolated ventral
ectoderm.
Mapping the otx2 Activation Domain
To address the necessity of otx2 for cement gland and
nterior neural development, we wanted to create a domi-
ant negative otx2. It was first necessary to map the domain
n otx2 required for activation of XCG-1, XAG-1, and
CAM gene expression. Mouse otx2 activates gene expres-
ion through a Drosophila bicoid response element (Sime-
ne et al., 1993), and the otx-related gene crx is a transcrip-
ional activator (Chen et al., 1997; Furukawa et al., 1997),
so it was anticipated that Xenopus otx2 would positively
regulate gene expression as well. Coinjection of otx2 RNA
and a DNA luciferase reporter construct containing the
goosecoid DE element (Watabe et al., 1995), a paired-class
binding site of the type recognized by otx2 (Wilson, 1993),
gave a 2.5-fold increase in luciferase activity (10,699 activ-
ity units) over injection of the reporter construct alone
(4276 activity units), confirming that otx2 was a transcrip-
tional activator.
A series of deletions was constructed in a myc-tagged
otx2 (MT-otx2) to identify the otx2 domain that activates
cement gland and neural gene expression. RNA transcribed
from each construct was microinjected into embryos at the
two-cell stage, animal caps were dissected at late blastula
s of reproduction in any form reserved.
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228 Gammill and SiveFIG. 3. The transcriptional activation domain of otx2 resides in the carboxyl terminus. (A) Deletions were created in MT-otx2 at the
estriction endonuclease sites indicated in otx2. otx2 is 864 nucleotides and 288 amino acids in length. Deletions were created from the 39
nd since the homeobox is located close to the 59 end (Pannese et al., 1995). The number of amino acids deleted in each construct is
ndicated. (B) Embryos were injected at the two-cell stage with 100 pg of each deleted MT-otx2 RNA. Animal caps were dissected at late
lastula (stage 9) and cultured until midneurula (stage 15). (C) Animal caps from deleted MT-otx2-injected embryos were assayed by
T-PCR for the cement gland markers XCG-1 and XAG-1 and the neural marker NCAM using EF-1a as a loading control. Lane 1,
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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229otx2 Activity in Xenopus Ectoderm(stage 9), and expression of the cement gland markers
XCG-1 and XAG-1 and the neural marker NCAM was
ssayed by RT-PCR at midneurula (stage 15; Fig. 3B).
Full-length otx2 activated XCG-1 expression 50-fold,
AG-1 expression 7.4-fold, and NCAM expression 13.5-fold
ompared to levels in uninjected animal caps (Fig. 3C, lanes
and 2). Carboxy-terminal deletions of otx2, however, led
o essentially background expression of these markers
XCG-1, 1.4- to 3.3-fold increase; XAG-1, 0.5- to 1.8-fold
ncrease; NCAM, 1.8- to 2.4-fold increase; compare lanes 1
nd 3–6). An internal 61-amino acid deletion of otx2
NgoMI–BsmBI) retained most cement gland and neural
nducing activity, activating XCG-1 expression 29-fold,
AG-1 expression 8.5-fold, and NCAM expression 9.8-fold
ver uninjected levels (lane 6). The slight decrease may be
ue to the deletion of the WSP domain, located just 59 to the
smBI site, which is involved in transactivation by the
tx-related gene crx (Chau et al., 2000). Western (data not
hown) and immunocytochemical analyses (Fig. 3D) using
n anti-myc antibody indicated that expression levels and
uclear localization of the deleted proteins were equivalent
o that of full-length otx2.
Together, these data showed that the 47 amino acids of
he otx2 carboxyl terminus are required to activate cement
land and neural gene expression. This portion of otx2
ncludes two “OTX tail” motifs (Furukawa et al., 1997),
equences important for transactivation by crx (Chau et al.,
000).
A Dominant Negative otx2 Preferentially Inhibits
otx2 Activity
In order to create a dominant inhibitory otx2, the 39
region of otx2 was replaced with the Drosophila engrailed
inimal repressor domain that mediates active repression
Fig. 4A; Han and Manley, 1993; Conlon et al., 1996). The
bility of otx2-En to interfere with otx2 activity was first
xamined in an animal cap assay (Fig. 4B). otx2 activated
ignificant expression of both XCG-1 and XAG-1 (Fig. 4C,
ompare lanes 2 and 3). This activation was completely
locked by coinjection of otx2-En (lane 4). Although otx2
oes not efficiently induce neural tissue at this dose (Gam-
ill and Sive, 2000), activation of NCAM expression by
igher levels of otx2 was inhibited by otx2-En (data not
hown).
To assess the specificity of the dominant negative otx2,
e assayed the ability of otx2-En to interfere with the
ctivity of siamois, a related paired class homeodomain
rotein whose endogenous expression pattern overlaps spa-
uninjected; lane 2, full-length MT-otx2; lane 3, NgoMI deleted MT-
6, StuI deleted MT-otx2; lane 7, NgoMI to BsmBI internally deleted
T-otx2 deletion RNA were harvested at midgastrula (stage 11.5) a
anel shows a close-up of myc-positive cells, demonstrating expression
Copyright © 2001 by Academic Press. All rightially and temporally with otx2 (Lemaire et al., 1995). In an
nimal cap assay, siamois efficiently induced organizer
gene expression (Fig. 4D, compare lanes 2 and 3; Carnac et
al., 1996). Coinjection of siamois and otx2-En led to equiva-
lently robust induction of these genes (lane 4). These data
showed that otx2-En effectively inhibited otx2 function,
but did not interfere with the activity of a related paired
class protein, siamois.
otx2-En Prevents Endogenous Cement Gland
Formation
We then asked whether otx2-En could interfere with
endogenous cement gland formation, and whether this
effect could be rescued by wild-type otx2 (Fig. 5A). Expres-
sion of otx2-En alone ablated or reduced cement gland
formation in 65% of the embryos assayed (Figs. 5Ba and
5Ca). Coinjection of otx2-En with an equal amount of
wild-type otx2 (Bb and Cb; 22% ablated or reduced) or
two-fold excess of otx2 (Bc and Cc; 28% ablated or reduced)
restored cement gland formation to control RNA-injected
levels (Bd and Cd; 24% ablated or reduced). Ablation of
cement gland has also been observed using an otx2-En
construct containing the full engrailed repressor domain
(Isaacs et al., 1999). In contrast to this previous study, we do
not see gross disruption of posterior structures. This may be
because our dominant negative was made with the minimal
engrailed repressor domain. The full-length repressor do-
main contains the eh-1 domain, which binds and represses
paired class homeodomain proteins (Mailhos et al., 1998),
and may therefore lead to interference with genes other
than otx2. Additionally, unlike Isaacs et al., we injected the
otx2-En construct superficially to target the future ecto-
derm. This would have prevented disruption of the mesen-
doderm and secondary effects on ectodermal patterning.
These data showed that otx2-En inhibited cement gland
formation. This effect was likely due to interference with
otx2 activity since this phenotype was rescued by excess
otx2.
otx2-En Inhibits Cement Gland and Anterior
Neural Gene Expression
In order to examine the requirement of otx2 early during
cement gland formation, we next assayed XCG-1 expres-
sion in otx2-En-injected embryos (Fig. 6A). Neural markers
en-2 and Krox20 were also tested to determine whether
tx2-En overexpression phenocopied anterior neural dele-
ions in otx2 mutant mice (Acampora et al., 1995; Matsuo
et al., 1995; Ang et al., 1996).
lane 4, BsmBI deleted MT-otx2; lane 5, NsiI deleted MT-otx2; lane
otx2. (D) Embryos injected at the two-cell stage with 100 pg of each
ssayed by immunocytochemistry with an anti-myc antibody. Eachotx2;
MT-
nd aand nuclear localization of the truncated proteins.
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Copyright © 2001 by Academic Press. All rightAt the onset of XCG-1 expression at early neurula (stage
13), XCG-1 RNA was present in a few scattered cells in the
nterior-most ectoderm (Fig. 6Ba, Sive and Bradley, 1996).
he overlap of otx2-En RNA with this region inhibited
CG-1 expression (b), suggesting that otx2-En interfered
ith initiation of XCG-1 expression. otx2-En also ablated
XCG-1 expression at midneurula (stage 15), when more
cells expressed XCG-1 (c). In several embryos at this stage
(n 5 5), uneven inheritance of injected RNA throughout the
cement gland primordium allowed mosaic analysis of
otx2-En activity. Individual XCG-1-expressing cells could
be identified that were surrounded by lacZ-positive cells (d,
small arrows), indicating that otx2-En did not inhibit ce-
ment gland formation in neighboring cells by causing the
secretion of an inhibitory factor. These observations were
consistent with a cell-autonomous requirement for otx2
ctivity in presumptive cement gland cells.
More posteriorly in the neurectoderm, otx2-En ablated
xpression of en-2 (compare e and f). In contrast, Krox20
as still expressed at its appropriate position in the neurec-
oderm (h). These results showed that otx2-En prevented
ormation of anterior neural tissue, but did not affect
osterior neural determination. This effect resembles that
f otx2 mutant mice, which lack midbrain and en-2 expres-
ion, but form a hindbrain that expresses Krox20 (Matsuo et
l., 1995; Ang et al., 1996). Consistent effects on gene
expression were observed in morphologically abnormal
Xenopus embryos expressing a different otx2-En construct
(Isaacs et al., 1999).
otx2 Is Required in the Ectoderm for Cement
Gland Formation and Is Important for Neural
Induction
We next wanted to determine the ectoderm-specific re-
quirement of otx2 for the formation of cement gland and
neural tissues. In order to restrict otx2-En activity specifi-
cally to the ectoderm, cement gland and neural induction
were assayed in recombinants of otx2-En expressing ecto-
derm and uninjected dorsal mesoderm. Recombinants re-
create in vitro the inductive interaction that gives rise to
cement gland and neural tissue (Fig. 7A; Sive et al., 1989;
Sharpe and Gurdon, 1990).
When animal caps from otx2-En-injected embryos were
cultured in contact with dorsal mesoderm, no XCG-1, a
small amount of XAG-1 and NCAM, and moderate Xanf-1
expression were induced (Fig. 7B, lane 1). In contrast, when
globin injected animal caps were conjugated to mesoderm,
XCG-1, XAG-1, NCAM, and Xanf-1 expression were
control. Differences in the amount of injected RNA were normal-
ized using CAT RNA. Lane 1, 500 pg CAT; lane 2, 500 pg otx2-En;
lane 3, 50 pg siamois plus 500 pg CAT; lane 4, 50 pg siamois plusFIG. 4. otx2-En interferes with otx2 activity. (A) 162 amino acids,
ncluding the activation domain (“A,” vertical hatching), were
eleted from the carboxyl terminus of otx2 (top) and fused to the
engrailed minimal repressor domain (“EnR”, gray shading) to create
tx2-En (bottom). (B) Embryos were injected with otx2-En with or
ithout otx2 or siamois RNA at the two-cell stage. Animal caps
were dissected at late blastula (stage 9) and harvested at early
gastrula (stage 10.5; siamois, D) or midneurula (stage 15; otx2, C).
(C) Animal caps from embryos injected with 500 pg otx2-En, 50 pg
otx2, or both were analyzed by RT-PCR for expression of the
cement gland markers XCG-1 and XAG-1, using EF-1a as a loading
control. Differences in the amount of injected RNA were normal-
ized using CAT RNA. Lane 1, 500 pg CAT; lane 2, 500 pg otx2-En;
lane 3, 50 pg otx2 plus 500 pg CAT; lane 4, 50 pg otx2 plus 500 pg
otx2-En; lane 5, whole embryo. (D) Animal caps from embryos
injected with 500 pg otx2-En, 50 pg siamois, or both were assayed
by RT-PCR for expression of the organizer specific markers500 pg otx2-En; lane 5, stage 10.5 whole embryo.
s of reproduction in any form reserved.
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231otx2 Activity in Xenopus Ectodermstrongly induced to levels similar to endogenous expression
levels (lanes 2 and 5). In isolation, otx2-En (lane 3) and
globin (lane 4) injected animal caps and isolated dorsal
mesoderm (lane 5) did not express cement gland or neural
markers. Results using additional anterior neural markers
were inconclusive because expression was detected in me-
soderm (En-2 and XBF-1) or in animal caps (lipocalin,
Xdll-3, and Xdll-4) cultured in isolation (data not shown).
These results demonstrated that otx2 activity was required
in the ectoderm for cement gland formation, and is impor-
tant for anterior neural determination.
DISCUSSION
Our data indicate that otx2 plays an active role in
specifying and maintaining anterior neurectodermal fates
and is required for cement gland formation through its
activity in the ectoderm.
otx2 Determines Anterior Positional Identity in the
Ectoderm
The ability of overexpressed otx2 to activate expression
of markers of anterior neural and cement gland fates in
whole embryos and isolated ectoderm suggests that otx2
ctively signals anterior positional identity in the ecto-
erm. This compliments data in mice, where expression of
nterior neurectodermal markers is initially induced, but is
ot maintained in otx2 mutants rescued by wild-type otx2
or otx1 expression in the visceral endoderm (Acampora et
l., 1998; Rhinn et al., 1998).
otx2 efficiently prevented expression of posterior neural
nd ventral markers, suggesting that part of the mechanism
y which this gene promotes anterior fates is to repress
ormation of nonanterior positions. This could be a passive
echanism, in which all tissue expressing otx2 is diverted
to anterior fates, leaving no cells free to take on other fates.
Alternately, it could be active, in which otx2 or a down-
stream target of this gene acts as a transcriptional repressor
on posterior and ventral target genes. In support of the
active mechanism, we note that otx2 inactivates Xbra
expression in the posterior mesoderm, even after this gene
has been expressed there for several hours. The otx2 binding
sites in the Xbra promoter may mediate this effect (Latinkic
et al., 1997).
The ability of otx2 to inhibit posterior gene expression is
interesting with regard to “posterior dominance,” a hypoth-
esis which suggests that regulatory events directing poste-
rior neural fates are dominant to those which direct more
anterior fates. This idea evolved from the activation–
transformation model of neural induction, in which ini-
tially, anterior neural fates are induced and later some of
this anteriorly specified tissue is reprogrammed to a more
posterior fate (Gamse and Sive, 2000). In support of poste-
rior dominance, secreted posteriorizing agents such as reti-
noic acid and FGF inhibit expression of anterior genes like m
Copyright © 2001 by Academic Press. All rightotx2 (Pannese et al., 1995; Pownall et al., 1996; Gammill
and Sive, 1997). Further, the posteriorly expressed genes
Xcad-2 and -3 (Epstein et al., 1997; Isaacs et al., 1999) and
HoxD1 (Kolm, 1997) repress expression of otx2. However,
the inhibition of posterior neural markers by otx2 indicates
that anterior regulatory genes can be dominant to those
more posterior, and supports the idea that neurectodermal
patterning involves a complex regulatory network of mu-
tual anterior and posterior repression (Isaacs et al., 1999).
One prediction of these data is that, if otx2 maintains
anterior position by suppressing “posteriorness,” in the
absence of otx2 expression, posterior gene expression would
spread into anterior regions. otx2 might suppress posterior
gene expression anteriorly either by directly repressing
target promoters, or by indirectly activating a repressor of
target promoters. In the case of direct repression, the
dominant negative otx2-En protein would continue to act
as a repressor of target genes (as it still contains a repressor
domain), and should not activate ectopic posterior gene
expression. Where otx2 acts as an indirect repressor,
otx2-En would prevent endogenous otx2 from activating a
downstream repressor, and may therefore allow expression
of posterior genes anteriorly. The Krox20 domain in the
hindbrain of embryos expressing the dominant negative
otx2-En construct was neither ablated nor expanded, sug-
gesting that otx2 indirectly regulates Krox20 expression and
that multiple regulatory events position and maintain the
anteroposterior axis. However in otx12/2; otx21/2 mice,
hindbrain gene expression does expand into the midbrain,
supporting the idea that in mice otx2 is required to repress
posterior gene expression anteriorly (Acampora et al., 1997).
tx2 appears to posses this activity in multiple germ layers,
s otx2 is required in the visceral endoderm to repress
posterior gene expression in visceral endoderm and overly-
ing anterior neural tissue (Kimura et al., 2000; Perea-Gomez
et al., 2001).
otx2 and Mid/Hindbrain Boundary Formation
The importance of otx2 for mid/hindbrain boundary
formation is well established (reviewed in Rhinn and Brand,
2001). Although otx2 and gbx2 are known to be mutually
epressive (Broccoli et al., 1999; Millet et al., 1999; Katahira
t al., 2000), our data suggest that the relationship between
tx2 and gbx-2 expression is complex. While otx2 expres-
ion in the mid/hindbrain region ablated endogenous gbx-2
xpression, ectopic gbx2 expression was induced in neigh-
oring cells at a distance from ectopic otx2 activity in the
indbrain and spinal cord (Fig. 1). One possibility is that
ctopic otx2 establishes an ectopic mid/hindbrain organizer
hat then secretes factors such as FGF8 that can have
ong-range effects. It is not known how a precise interface of
tx2 and gbx2 expression is established, but the induction
f gbx2 by neighboring otx2-expressing cells could play a
ole.
otx2 is required in the ectoderm for en-2 expression in
ice (Rhinn et al., 1998) and was also sufficient in Xenopus
s of reproduction in any form reserved.
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232 Gammill and SiveFIG. 5. otx2-En interferes with cement gland formation. (A) Embryos were injected at the two-cell stage with otx2-En RNA without or
with otx2 RNA, targeting the future anterior/ventral ectoderm by injecting superficially in the animal pole. lacZ RNA was included as a
ineage tracer. Embryos were allowed to develop until hatching (stage 30). (B) Embryos were injected with 100 pg otx2-En (a), 100 pg otx2-En
lus 100 pg otx2 (b), 100 pg otx2-En plus 200 pg otx2 (c), or 100 pg globin (d) RNA mixed with 120 pg lacZ RNA. Injected embryos were
tained for b-galactosidase activity (blue) and scored for cement gland formation by morphology when lineage tracer was present anteriorly
white arrowheads). (C) Embryos from (B) were scored for absent or minimal cement gland formation (defined as no or very few pigmented
ells; “CG absent,” gray bars), reduced cement gland formation (a small, round patch of pigmented cells; “CG reduc.,” hatched bars), or
ormal cement glands (oblong shape, scored relative to size of average control cement gland; “normal,” black bars). The data represent four
eparate rescue experiments. Rescued cement glands often included some ectopic cement gland formation due to the presence of otx2 RNA.
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233otx2 Activity in Xenopus Ectodermto activate ectopic en-2 expression in whole embryos and
isolated ventrolateral ectoderm. Additional factors must
regulate this activity of otx2, since ectopic en-2 (and gbx-2)
xpression was most strongly induced in region of the
uture hindbrain and never observed anterior to the region
orresponding to the midhindbrain boundary (the posterior
oundary of endogenous otx2 expression).
otx2 Is Required in the Ectoderm for Cement
Gland and Neural Fates
We have demonstrated an absolute requirement for otx2
in the ectoderm for cement gland formation. Expression of
the dominant negative otx2-En construct in the ectoderm
abolished induction of the cement gland-specific marker
XCG-1 in whole embryos and in conjugates. Induction of
XAG-1, which is strongly expressed in cement gland and
hatching gland and more weakly expressed in ventral ecto-
derm (D. Wainstock and H.L.S., unpublished), was almost
FIG. 6. otx2-En disrupts cement gland and anterior neural gene e
wo-cell stage with 100 pg otx2-En or globin control RNA plus 60 pg
13), midneurula (stage 15), or late neurula (stage 18), as appropriate f
was analyzed by whole-mount in situ hybridization. (a) globin in
njected, XCG stage 15; (d) close-up of embryo in c. Small arrows m
injected, En-2 stage 15; (f) otx2-En injected, En-2 stage 15; (g) globientirely blocked. Residual expression likely represents the e
Copyright © 2001 by Academic Press. All rightentral component of XAG-1 expression, since otx2 is not
xpressed ventrally or in the hatching gland and would not
e expected to regulate this aspect of XAG-1 expression. In
ombination with the demonstration that otx2 can activate
he cement gland program (Blitz and Cho, 1995; Pannese et
l., 1995), and that XCG-1 is a direct target of otx2 (Gam-
ill and Sive, 1997), we conclude that otx2 activity in the
ctoderm is both necessary and sufficient for cement gland
ormation.
Isaacs et al. (1999) used an otx2-En dominant negative
ontaining the full engrailed repressor domain to ablate
ndogenous cement gland formation. Our results are con-
istent with their findings, however, our experiments make
dditional points regarding the role of otx2 in cement gland
ormation. First, we performed important controls, con-
rming that the activation domain of otx2 was completely
emoved in our otx2-En construct (Fig. 3) and testing for
nterference with the related paired-class homeodomain
rotein siamois (Fig. 4). Second, by using only the minimal
ssion. (A) Albino embryos were injected in one blastomere at the
RNA. Embryos were allowed to develop until early neurula (stage
e marker assayed. (B) Gene expression in otx2-En injected embryos
d, XCG stage 13; (b) otx2-En injected, XCG stage 13; (c) otx2-En
CG-1 expressing cells surrounded by bgal positive cells; (e) globin
ected, Krox20 stage 18; (h) otx2-En injected, Krox20 stage 18.xpre
lacZ
or th
jecte
ark Xngrailed repressor domain and targeting our injections to
s of reproduction in any form reserved.
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234 Gammill and Sivethe ectoderm, we were able to focus our study on the
ectodermal requirement for otx2 in whole embryos without
apparent nonspecific effects. Since otx2 is only expressed
anteriorly, posterior defects observed by Isaacs et al. (1999)
after overexpression of their otx2-engrailed repressor fusion
are surprising, and may indicate interference of their otx2-
engrailed construct with mesodermal target genes. Finally,
by recapitulating cement gland induction in vitro in conju-
ates, we demonstrate the absolute requirement for otx2
unction in the ectoderm during cement gland formation
Fig. 7).
FIG. 7. otx2 activity in the ectoderm is required for cement gland
ormation and is important for neural induction. (A) Embryos at the
wo-cell stage were injected with 200 pg otx2-En or 200 pg globin
RNA mixed with 250 pg GFP RNA. At initial gastrula (stage 101),
animal caps were dissected from embryos with evenly distributed
GFP fluorescence and conjugated to anterior dorsal mesoderm from
uninjected midgastrula (stage 11.5) embryos. The conjugates were
harvested when the animal cap tissue reached tailbud (stage 20)
equivalent. (B) Stage 101 animal caps (“ecto”) from embryos
injected with 200 pg otx2-En (“OEn”) or 200 pg globin (“G”) were
onjugated to mesoderm (“meso”) from uninjected embryos or
ultured in isolation. When animal cap tissue reached tailbud stage
quivalent, the conjugates were harvest for RT-PCR analysis for
CG-1, XAG-1, NCAM, Xanf-1, and EF-1a as a loading control.
Lane 1, otx2-En ectoderm 1 mesoderm; lane 2, globin ectoderm 1
mesoderm; lane 3, otx2-En ectoderm; lane 4, globin ectoderm; lane
5, mesoderm; lane 6, st. 20 whole embryo.Ectoderm expressing otx2-En was impaired in its ability
Copyright © 2001 by Academic Press. All righto form neural tissue. NCAM induction was decreased,
hough not completely abolished. This could be either
ecause factors in addition to otx2 are involved in NCAM
nduction, or because the remaining NCAM represents
osterior neural tissue. Expression of Xanf-1, which marks
he anterior neural plate (Zaraisky et al., 1995), was attenu-
ted by the otx2 dominant negative. The residual Xanf-1
xpression observed in conjugates expressing otx2-En may
epresent the ventrolateral expression domain of Xanf-1
data not shown), which is not under control of otx2. In
upport of this, otx2 is cell autonomously required for
xpression of Rpx, the mouse homologue of Xanf-1 (Rhinn
t al., 1999).
In conjunction with data from the mouse (Acampora et
l., 1998; Rhinn et al., 1998, 1999), our data indicate that
ectodermal otx2 activity is important for anterior ectoder-
al patterning.
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